Abstract. Distributions of subsonic aircraft emissions are advected as an initial value problem in a 3D transport model to simulate the evolution of emissions in the stratosphere. The sensitivity of transport to season, analyzed tropopause height and aircraft emissions distribution is analyzed. The 1/e-folding lifetime of the emissions of the current fleet is found to be about 50 days, within the range of previous estimates. The lifetime is shorter in January than in July. Within a 90 day period, approximately 7% of emissions in July and 2% in January are lofted into the stratosphere. Pathways for the stratosphere-troposphere exchange of emissions are discussed.
Introduction
While the emissions of a potential fleet of supersonic aircraft in the stratosphere have been of concern since the 1970's, only recently has attention been focused on the current fleet of aircraft flying in and near the stratosphere [NASA, 1995] . Aircraft emissions deposited in the lower stratosphere will have a longer residence time than tropospheric emissions, and in many cases qualitatively different radiative or chemical effects, as Wennberg et al., [1994] noted for nitrogen oxide (NOx) emissions.
An accurate assessment of the effects of the present and future fleet of subsonic aircraft thus requires a careful consideration of the exchange of trace constituents between the stratosphere and the troposphere. As described by Holton et al., [1995] , exchange across the tropopause can occur by both diabatic processes and through quasi-conservative processes along a constant potential temperature surface (an isentrope). The dominant tendency in the tropics is for cross isentropic exchange from the troposphere to stratosphere driven by the global scale diabatic or residual circulation. In the extratropics, both isentropic and cross-isentropic exchange are important [Danielsen, 1968] , and the global net tendency is for exchange from the stratosphere to the troposphere.
Previous studies of subsonic aircraft have either focused on concentrations of constituents [Van Velthoven et al., 1996] or the chemical effects of emissions [Brasseur et al., 1996] . A large literature exists on the stratospheric residence time from the higher altitudes of a proposed supersonic fleet [NASA, 1995] . Estimates of the 'lifetime' of emissions in the stratosphere range from 13 months for supersonic emissions at 50 hPa to 0.5 months for parcels at 11 km [Schoeberl et. al., 1998 ]. This study will use more realistic descriptions of subsonic emissions and the tropopause Copyright 1998 by the American Geophysical Union.
Paper number 98GL51545. 0094-8534/98/98GL-51545$05.00 region to constrain estimates of the stratospheric lifetime of emissions, and to analyze transport pathways between the stratosphere and troposphere.
Emissions will be simulated in a transport model as a conserved tracer. The lifetime of emissions in the stratosphere is estimated by tracking the evolution of emissions in the stratosphere and troposphere. The transport model is described below, followed by the methodology and data sets used. Finally, results and conclusions are presented.
Model Description
The transport model of the laboratory for atmospheres at the Goddard Space Flight Center is used for this analysis. The model has previously been used to examine projected NOy emissions from supersonic aircraft , and is capable of accurately simulating synoptic features in chemical tracers on a global scale .
The model three-dimensional flux form semi-Lagrangian transport code [Lin and Rood, 1996] uses analyzed winds from the Goddard Earth Observing System (GEOS) Assimilation System [Schubert et al., 1993] . Model resolution is 2 degrees latitude by 2.5 degrees longitude with 29 levels in the vertical from the surface to 0.1 hPa. The model has a vertical resolution of approximately 700 m around the midlatitude tropopause. Input winds are interpolated to a 900 second timestep from 6 hourly data. Explicit convective transport is not included in the base case. These simulations use data from January through September 1996.
Methodology
Subsonic aircraft emissions inventories developed by NASA [Baughcum et al., 1996] and the ANCAT/EC group [Gardner et al., 1997] are interpolated to mixing ratio on the model grid and advected as a passive tracer starting in January and July. The emissions are advected passively for 90 days-longer than the chemical lifetime of NOx in the upper troposphere and lower stratosphere. The tracer mass conservation in the model is better than 95% over 90 days. Most of the deviation is an adjustment at the lowest model level, and does not effect the analysis in the upper troposphere and lower stratosphere.
The 'lifetime' of aircraft emissions is defined as the 'efolding' or response time [Rhode, 1992] . For a system relaxing from a state χ0 the lifetime is computed from:
−kt where k −1 is the e-folding time. Simulations were also conducted using only stratospheric or tropospheric fractions of the emissions data set. To examine how well the dynamical information is represented in the assimilation winds, a conserved tracer is initialized equal to the absolute value of potential vorticity. Finally, discussion of a simulation in which convective mass fluxes are included is presented. For this analysis, it is logical to divide the stratosphere into two regions, following Holton et al., [1995] . The 'overworld' is that region of the stratosphere which lies completely above the potential temperature of the tropical tropopause (approximately 380 Kelvin), and the 'lowermost stratosphere' is that region of the stratosphere between this surface and the tropopause. Exchange between the overworld and the troposphere requires diabatic motion, whereas exchange between the lowermost stratosphere and troposphere can occur along an isentropic surface.
For analyzing stratosphere-troposphere exchange of mass and constituents a dynamical definition of the extratropical tropopause based on Ertel's potential vorticity (PV) is superior to the usual thermal definition [Holton et al., 1995] . The tropopause is analyzed daily as a set of material surfaces by constructing a map of the tropopause height using a range of coordinate values of potential vorticity in the extra-tropics and a potential temperature surface in the tropics. PV values for the tropopause are generally in the range of 1.6 PVU to 3.5 PVU [Hoskins, 1991] where 1 PVU= Kkg −1 m 2 s −1 . Values examined are 2, 3 & 5 PVU. The temperature and wind data used to construct the tropopause surface are taken from the same assimilation as the winds used to drive the transport model. tion, and the 380K potential temperature surface, marking the boundary between the 'overworld' and the 'lowermost stratosphere'. The highest concentration of emissions is situated near the latitude and altitude of the northern hemisphere mid-latitude tropopause 'break'. The initial fraction of aircraft fuel in the stratosphere in January and July is given in Table 1 . The total mass of aircraft emissions is 14% larger in July than in January, but the fraction and absolute mass deposited into the stratosphere is larger in January [Baughcum et al., 1996] . These estimates are not substantially affected by the inventory data set, tropopause data source or interannual variability of tropopause height.
Results and Discussion
The global mass of emissions relative to the analyzed tropopause surfaces is computed daily. The resulting mass of emissions in the troposphere, lowermost stratosphere and stratospheric overworld using the ANCAT emissions dataset is plotted for January-March in Figure 2 and for JulySeptember in Figure 3 ermost stratosphere is gradual and is well described by an exponential decay, indicated by the thin solid lines. The efolding lifetimes are presented in Table 2 . Alternative emissions data sets (NASA data), or meteorological time periods (1995), do not substantially affect the estimates. The lifetime is in the range of 40 days in January and 50 days in July, and decreases as the tropopause height increases. Figure 2 and Figure 3 indicate that after 60 days the rate of decay begins to slow. An exponential decay has also been found by Schoeberl et al., [1998] in trajectory simulations of parcels in the overworld. Schoeberl et al., [1998] parameterize removal from the stratosphere when parcels pass a given pressure surface, which does not fully capture tropopause variability. The estimated lifetime is longer than a rough estimate of 30 days from the Eulerian diabatic heating in this region (−1K day −1 ), and the change in potential temperature from the emissions altitude to the tropopause (320K to 290K).
The three-dimensional aircraft emission tracer spreads throughout the mid-latitude tropopause region, and in the tropics is lofted to the base of the stratospheric overworld. Most extratropical emissions in the lowermost stratosphere remain at low potential temperatures. While there is evidence of exchange from the tropics into the mid-latitudes at higher potential temperatures in the summer hemisphere, little such exchange is evidenced in winter, in agreement with the isentropic simulations of Chen, [1995] .
To detail quasi-isentropic exchange between the stratosphere and the troposphere, the tropopause was used to separate the initial emissions into a stratospheric and tropospheric component. Each component was advected separately for 30 days. In a schematic zonal mean format, Figure 4 illustrates the initial and final mass fractions, and the adjustment over 30 days. In July, quasi-isentropic transport into the lowermost stratosphere accounts for half of the mass remaining, while in January, it is a much lower fraction of stratospheric emissions, and is confined to lower potential temperatures. Over 30 days, there is little transport between the overworld and the lowermost stratosphere. In 90 days almost all the original lowermost stratosphere emissions have entered the troposphere.
Figures 2 and 3 also show the buildup of aircraft emissions in the stratospheric overworld, mostly by transport through the tropical tropopause. Aircraft emissions in the stratosphere rise to 7% in July and 2% in January over the 90-day period examined. In July tropical emissions are 10% higher and a significant quantity of emissions are lofted into the stratospheric overworld near the subtropical edge of the tropical tropopause. The pathway has been verified using a diabatic trajectory model with independent wind analyses.
A tracer was also initialized whose mixing ratio gradient is everywhere equal to the potential vorticity gradient. Over 30 days, a correlation map on a pressure surface in the lowermost stratosphere (223 hPa) indicates that correlations between a PV tracer and analyzed PV in mid-latitudes average 0.85. Since in the absence of significant diabatic processes PV is approximately conserved, the strong correlation indicates that simulated transport accurately reflects the dynamics of the lower stratosphere.
The decay rates illustrated in Figures 2 and 3 are remarkably steady given the variability of the tropopause surface. A closer analysis of a single point or latitude band indicates significant daily variability is captured by the tropopause. Even so, it is possible that the model is unable to resolve significant local processes that lead to greater variability in the integrated rate of stratosphere-troposphere exchange.
The simulations described thus far do not consider convective fluxes. Because aircraft emissions are predominately deposited in the upper troposphere, convective transport will not bring significant emissions from the lower troposphere. Also, aircraft generally avoid convective updrafts, and fly in regions of subsidence surrounding convection. Simulations with convective fluxes indicate that including convective mass fluxes reduces upper tropospheric concentrations, consistent with the results of transport simulations by Van Velthoven et al., [1997] . Reducing upper tropospheric emissions would also tend to (1) reduce the quantity of emissions in the overworld and (2) reduce the estimated lifetime of emissions in the stratosphere by decreasing the troposphere to stratosphere transport. Lifetime estimates should thus be considered as upper bounds.
Conclusions
The lifetime of aircraft emissions in the lowermost stratosphere has been deduced from simulations using a chemical transport model and aircraft emissions inventories. The model transport preserves dynamic structures and potential vorticity on the timescale of 30 days, despite a classically noisy vertical velocity field. The residence time of aircraft emissions in the stratosphere is on the order of 50 days. Exchange between the stratosphere and troposphere is dominated by slow descent of emissions across the extratropical tropopause, and rise across the tropical tropopause. Transport between the tropical troposphere and the mid-latitude lowermost stratosphere is always confined to potential temperature surfaces near the tropopause in the winter, but occurs at up to 380K in the summer hemisphere. Transport into the overworld in the summer hemisphere also occurs in the subtropics. Some net transport from the troposphere to the stratosphere may occur in the extra-tropics, but the emissions are mostly confined to the tropopause region below 5 PVU. The transport pathways and quantities appear consistent with previous work. Future studies could seek to validate these results through a further diagnosis of the relative magnitudes of diabatic and quasi-isentropic exchange.
